Background: How IB kinase␤ K171E and K171T mutations mediate lymphomagenesis is not known. Results: We performed biochemical, molecular modeling and TALEN-based knockin studies on wild-type and mutant IKK␤. Conclusion: Mutant IKK␤ molecules are constitutively active in an activation-loop phosphorylation-independent manner. Significance: These results have broad implications for the function of positively charged residues in all activation loop-dependent kinases.
The canonical nuclear factor B (NFB) 3 pathway is required for normal marginal zone (MZ) B cell development (1) as is non-canonical NFB activation (2) (3) (4) (5) . Another crucial pathway in MZ B cell development involves the activation of Notch signaling (6 -8) . Canonical NFB signaling and Notch activation function synergistically during normal MZ B cell development (9, 10) , so it is not surprising that mutations in the NFB and Notch pathways have been found in 40 of 117 cases of splenic marginal zone lymphoma (11) , a B cell lymphoma that arises from marginal zone B cells.
Mutations in the IKBKB gene encoding the IB kinase ␤ (IKK␤) protein have been observed frequently in splenic marginal zone lymphoma (11, 12) . IKK␤ is a catalytic subunit of the IB kinase (IKK) complex that drives canonical NFB signaling by phosphorylating inhibitor of NFB ␣ (IB␣) and targeting it for degradation. In 8/117 splenic marginal zone lymphoma recurrent mutations in IKBKB have been observed that convert lysine 171 to either a glutamate (K171E IKK␤) or a threonine (K171T IKK␤) (11, 12) . The somatic variant encoding K171E IKK␤ has also been documented in a single subject with multiple myeloma (13) . Lysine 171 lies in a cationic pocket that interacts with a critical phosphorylated serine residue in the activation loop of IKK␤. Serine 181 in the activation loop of IKK␤ is the crucial residue that needs to be phosphorylated by an upstream kinase for it to switch to its active conformation (13) . A phospho-mimetic mutation in serine 181 can lead to constitutive activation of IKK␤, and constitutively activated IKK␤ can contribute to lymphoma generation in transgenic mice (14) . Lysine 171, however, is situated parallel to serine 181 in the activation loop, and no structural models or experimental data exist to indicate whether the cancer-associated alterations found in this residue of IKK␤ activate or inactivate this critically important kinase, or if these changes represent functionally irrelevant "passenger" mutations.
Activating mutations in the NFB pathway have been functionally identified in diffuse large B cell lymphomas (15) (16) (17) . Mutated genes include CARD11 (caspase recruitment domain 11), TRAF2 (TNF receptor-associated factor 2) and Myd88 (myeloid differentiation primary response 88). Inactivating mutations in A20 can also contribute to constitutive NFB activation (18) . All of these genes are also mutated in splenic marginal zone lymphoma, but IKK␤ lysine 171 alterations have not been reported in diffuse large B cell lymphomas. Other muta-tions in IKK␤ have been described in the Catalogue of Somatic Mutations in Cancer (COSMIC) database, many of these may well be "passengers," and no direct evidence exists for any activating mutations in IKK␤ in any human tumor.
Next Generation Sequencing has revealed numerous mutations in tumors, including lymphomas. One of the most specific definitions of a "driver" mutation is one that "directly or indirectly confers a growth advantage to the cell in which it occurs" (19) . Commonly used mutation predictive methods such as Polyphen 2 (20) or SIFT (Sorting Intolerant From Tolerant) (21) , can suggest whether a mutation is "potentially damaging," but this categorization cannot distinguish between activating and inactivating mutations. Most mutations in lymphomas have been functionally analyzed in overexpression studies and, short of generating knock-in mice, methods to readily interrogate mutations in a B lymphoid context to distinguish between potential passengers and drivers of lymphomagenesis have not been described. Transcription activator-like effector nuclease (TALEN) and CRISPR (clustered regularly interspersed short palindromic repeats) technology have been used to generate mutations in human-induced pluripotent cells (22) (23) (24) , but this kind of knock-in approach has not been utilized in the study of cancer mutations to identify drivers.
We show here that the K171E and K171T IKK␤ proteins result in the constitutive activation of NFB in an activation loop phosphorylation-independent manner. Molecular modeling was used to predict the mechanism of constitutive activation by these two distinct mutations, and the predictions were confirmed biochemically in overexpression studies. Confirmation of the potential contribution of activating mutations to lymphomagenesis was obtained in a B lymphoid cell line and non-overexpression context by TALEN-based knock-in mutagenesis of the tumorspecific K171E IKK␤ alteration in human BJAB B cells.
EXPERIMENTAL PROCEDURES
Site-directed Mutagenesis-Xpress-tagged pcDNA3.1/His C-IKK␤ was kindly provided by S. Ghosh and used as a template to generate IKK␤ mutants. A QuikChange site-directed mutagenesis kit (Stratagene) was used to create the plasmids for all mutants according to the manufacturer's instructions. The mutagenesis and sequencing primers are described in Tables 1 and 2 .
Lymphoid Cell Lines-The ABC-DLBCL (active B-cell diffuse large B-cell lymphoma) cell line, NU-DUL-1, the Burkitt's lymphoma cell lines, BJAB, Ramos, and Raji and the GCB-DL-BCL (germinal center B-cell diffuse large B-cell lymphoma) cell line OCI-Ly17 were obtained from ATCC.
Antibodies-Rabbit monoclonal GST, phospho-IKK␤ (Ser-177), phospho-IKK␤ (Ser-177/181), p65, phopho-p65 (Ser-536), ␤-actin, mouse monoclonal phospho-IB␣ (Ser-32/36), and IB␣ antibodies were obtained from Cell Signaling Technology. Mouse Anti-Xpress monoclonal antibody was obtained from Invitrogen. An anti-␤-tubulin mouse monoclonal antibody was from Upstate Biotechnology.
Immunofluorescence-Hela cells were seeded on coverslips in six-well culture plates and transiently transfected with WT-IKK␤, K171E-IKK␤, and K171T-IKK␤ DNAs. Cells were fixed for 20 min with 4% paraformaldehyde, and permeabilized for 5 min with PBS containing 1% Nonidet P-40. After washing three times with PBS containing 10 mM glycine, cell were blocked with PBS containing 3% BSA for 30 min. Immunostaining was performed using antibodies as indicated in Fig. 1C , and images were acquired using a Olympus IX81 spinning disk confocal microscope.
Quantification of Fluorescence Images-Immunofluorescent pictures were analyzed using ImageJ software (developed by 
Wayne Rasband, National Institutes of Health, Bethesda, MD) as reported previously (25, 26) . To more objectively quantify the nuclear-cytoplasmic distribution, confocal images were acquired for at least 100 cells from untransfected cells and cells transfected with each construct, respectively. The representative confocal cross-sections (8-bit grayscale or 24-bit RGB) were converted to TIFF files and used to determine the ratio of fluorescence in the cytoplasm relative to the nucleus. Mean pixel density was assessed for manually cropped areas of uniform intensity in both nucleus and cytoplasm, and ratios were determined after subtraction from background fluorescence. According to the ratios, cells were categorized as follows: Ͻ0.75 (predominantly cytoplasmic), 0.75-1.25 (nuclear and cytoplasmic), and Ͼ1.25 (predominantly nuclear). NFB Luciferase Reporter Gene Assays-Hela cells were transiently transfected with the pBIIϫLuc NFB reporter construct containing firefly luciferase under the control of four NFB binding sites. A Renilla luciferase reporter construct, pRL-TK (Promega) was used as an internal control to normalize for transfection. Cells were assessed after 48 h post-transfection with the Dual-Luciferase Reporter Assay System (Promega) according to the manufacturer's instructions.
Kinase Assays-Hela cells were collected in lysis buffer (50 mM HEPES (pH 8.0), 150 mM NaCl, 25 mM EGTA, 1 mM EDTA, 0.1% Tween 20, 10% glycerol, 50 mM NaF, and 0.1 mM Na 3 VO 4 ) containing a mixture of protease inhibitors (Calbiochem). Xpress-tagged WT and mutated IKK␤ proteins in HeLa cells were immunoprecipitated with anti-Xpress antibody, and then incubated in a 20-l kinase buffer containing 50 mM HEPES (pH 8.0). 10 mM MgCl 2 , 2.5 mM EGTA, 1 mM DTT, 10 M ␤-glycerophosphate, 1 mM NaF, 0.1 mM Na 3 VO 4 , 0.1 mM PMSF, and 10 M ATP. After adding 1 mM GST-IB␣ as a substrate and 0.2 mM ATP (10 mCi/ml), the reaction mixture was incubated for 30 min at 30°C, the reaction was stopped by addition of 20 l 4ϫ SDS-loading buffer and then subjected to Western blotting using anti-GST, anti-IB␣, anti-phospho-IB␣ (Ser-32/36), and anti-Xpress antibodies.
Molecular Modeling-The structures of K171E and K171T IKK␤ kinase domains were modeled based on the recently published structure of human IKK␤ (27) using the one-to-one threading algorithm of Phyre2 (28) . The figures for the structural models were generated in PyMOL (The PyMOL Molecular Graphics System, version 1.5.0.4 Schrödinger, LLC).
Construction of TALE Nucleases-TALENs were designed using the ZiFiT Targeter web server, such that the nucleotide to be altered, to create the K171E and K171T changes, lay within the "spacer" region that is flanked by the two TALEN binding sites. The TALEN monomers were designed to bind to 18 base pair target sites that are 16 base pairs apart. This configuration was used because it has been shown to function robustly (29) . The DNA fragments encoding the repeat arrays of the TALEN monomers were built on a liquid handling system using the previously described fast ligation-based automatable solidphase high-throughput system (29) . These fragments were then 
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cloned into expression vectors that provide the required ⌬152 amino acid N terminus, the final 0.5 repeat domain, the ϩ63 amino acid C terminus, and the fokI endonuclease domain. These constructs were then sequences verified as described (30) and used to create the required genomic alternations. All of the expression vectors are available from Addgene.
Construction of Donor Template-The 1.5-kb DNA fragment the IKK␤ K171E mutation was amplified out of genomic DNA by nested PCR (Table 3 ). 3Ј Adenosine overhangs were added to nested PCR products by adding 1 l of Taq polymerase and incubating at 72°C for 9 min. PCR products were then cloned into TOPO TA vector according to the TOPO TA Cloning protocol from Invitrogen. Site-direct mutagenesis was performed as mentioned before on 1.5-kb genomic DNA inserts in TOPO-TA. Colonies with successful ligations were grown in large volumes, and donor template DNA was extracted using Qiagen Plasmid Maxi Prep Kit.
Nucleofection-Nucleofector and cell line nucleofector kits were obtained from Amaxa (Cologne, Germany). 2 ϫ 10 6 BJAB cells were resuspended in 100 l of Nucleofector solution V containing 500 ng each of TALEN, 1 g of pUC with a mutagenized insert, and 200 ng of tdTomato as a marker for transfected cells. Nucleofection of cells was carried out using Program E-23, and cells were diluted into 2 ml of complete RPMI 1640 medium containing 0.1% ␤-mercaptoethanol and placed in a humidified incubator at 37°C for 48 h. FACS sorting was performed by gating on the red fluorescent protein-positive cell population. Cells were grown in 10 ml complete RPMI FIGURE 1. Recurrent mutations encoding K171E and K171T IKK␤ activate NFB signaling. A, wild type IKK␤ (WT), lymphoma-derived K171E and K171T IKK␤, and A360S, D639N, G667C, and N677D IKK␤ proteins from non-lymphoid cancers were co-transfected with an NFB-driven firefly luciferase reporter construct along with a Renilla luciferase reporter construct into HeLa cells. The upper panel depicts a typical Dual-Luciferase assay. In the lower panel, an aliquot from each of the cell lysates depicted above was loaded on a 10% SDS-PAGE gel and subjected to anti-Xpress quantitative Western blots (WB) to determine protein levels. Luciferase levels were normalized to protein levels, and the WT value was set at 1. Bars represent the means of two individual experiments, and the error bars represent Ϯ S.D. ***, p Ͻ 0.001. B and C, kinase activity was determined using GST-IB␣ as a specific substrate. IKK␤, phosphorylated GST-IB␣, unphosphorylated GST-IB␣, IB␣, and phosphorylated IB␣ bands are indicated in B. The protein levels of IB␣ and phosphorylated IB␣ were quantified in C. This Western blot is representative of three individual experiments, and the error bars represent Ϯ S.D. *, p Ͻ 0.01. D, HeLa cells were transfected with IKK␤ WT, K171T, and K171E encoding mutants for 24 h and visualized by spinning disk confocal microscopy following immunostaining for IKK␤ (green), p65 (red), and DAPI (blue). Based on the distribution of p65 in transfected and untransfected cells, they were labeled as nuclear (nuc), nuclear and cytoplasmic (nuc-cyt), or cytoplasmic (cyt), respectively. E, the cell numbers of each group in un-transfected and transfected cells for each construct were counted as described under "Experimental Procedures." 1640 medium containing 0.1% ␤-mercaptoethanol until red fluorescence was lost, at which point they were diluted to 0.1 cell/well and 0.2 cell/well dilutions in 96-well plates. Single cell colonies were screened by sequencing, and gene modification of endogenous IKK␤ was demonstrated using Mutation Surveyor DNA variant analysis software (Softgenetics). (Biolegend) and propidium iodide (Invitrogen). The cells were incubated for 10 min and then sorted by flow cytometry using a MACSQuant analyzer (Miltenyi Biotech). Annexin V-positive, propidium iodide-negative cells are early apoptotic cells. Cells that were propidium iodide-positive as well as annexin V-positive are late apoptotic or dead cells. RNA Extraction and Quantitative RT-PCR-Total RNA was extracted with the RNeasy Mini Kit (Qiagen) according to the manufacturer's instructions. For reverse transcriptase PCR (RT-PCR), 1 g RNA sample were reverse transcribed with Retro-Script MMLV reverse transcriptase kit (Invitrogen). The cDNA stock was diluted into 200 l, and 2 l was used for PCR using primers (Table 4 ) and SYBR Green Master Mix (ABI). ␤-Actin gene expression was determined for normalization. Real-time PCR was performed in duplicate using the ABI 7500 Real-Time PCR System (Applied Biosystem) as follows: hold 50°C for 1 min; hold 95°C 15 min; 40 cycles (95°C for 15 s; 60°C for 1 min). Results were collected with 7500 software (Applied Biosystems), and relative quantification was performed using the comparative threshold (C T ) method. Transcript levels were normalized to ␤-actin mRNA levels (⌬C T ), and the normalized data were used to determined changes in gene expression (2 Ϫ⌬⌬CT ). To analyze the difference between WT and mutants, WT samples were set as a calibrator (control).
Chromatin Immunoprecipitation (ChIP)-The Magna ChIP TM A kit (Millipore) was used as described by the manufacturer. Briefly, cellular proteins and DNA were cross-linked with 1% formaldehyde at room temperature for 10 min, and glycine was added at a final concentration of 0.125 M to neutralize formaldehyde. Cells were washed three times with 10 ml of ice-cold PBS containing a protease inhibitor mixture and collected by centrifugation. Cells were then resuspended in SDS lysis buffer, incubated at 4°C for 10 min, and sonicated using a Q800R sonicator (Qsonica). Total sonication time was 30 min with a sonication pulse rate of 30 s on and 30 s off. Supernatants were recovered by centrifugation at 12,000 rpm in an Eppendorf microfuge for 10 min at 4°C before being diluted 10 fold with ChIP dilution buffer. Immunoprecipitation was performed overnight at 4°C with anti-NFB p65 (RelA) mouse monoclonal antibody (Millipore) and Magnetic protein A beads. Antibody-bound protein/DNA complexes were washed, eluted, and treated with proteinase K to digest proteins. DNA was then purified using QIAquick PCR purification Kit (Qiagen). An aliquot of chromatin that was not incubated with an antibody was used as the input control sample.
Immunoprecipitated and input DNA were analyzed by realtime PCR using the ABI SYBR Green Master Mix and an ABI 7500 real time PCR system. The specific primers used are listed in Table 4 . All values were calculated relative to input DNA level.
Cell Growth Curves-Cells were placed in triplicate in sixwell dishes at 1 ϫ 10 5 cell per well. For growth curves, the cells were counted using an ADAM-MC automated cell counter (Digital Bio) at different time points as described.
Cell Proliferation Assay and Cell Cycle Analysis-Nucleotide incorporation was detected using a Click-iT EdU flow cytometry assay kit (Invitrogen) according to the manufacturer's instructions. Cell cycle distribution was monitored by analysis A B FIGURE 3 . Predicted structures of K171E IKK␤ and K171T IKK␤. A, the kinase domain of K171E IKK␤ modeled on the recently published structure of human IKK␤ (PDB 4KIK). ATP from the active PKA structure (PDB 1ATP) was superimposed onto its active site. Important components of the kinase active site such as the ␣C-helix and activation loop are labeled. Residues that make up part of the cationic pocket are labeled and shown as sticks. Glu-171 is labeled in red. The activation loop is ordered, and Glu-171 is able to engage in the same electrostatic interactions that the phosphate on Ser(P)-181 makes in the active conformation. The interactions between Glu-171 and cationic pocket residues Arg-57 and Arg-144 IKK␤ are labeled. Formation of a ␤-sheet between ␤-strands ␤6 and ␤9 is observed. B, the kinase domain of K171T IKK␤ modeled on the recently published IKK␤ structure (PDB 4KIK) and represented as described in A. The uncharged, polar side chain of Thr-171 is able to make a hydrogen bond to Arg-144 and induce formation of a beta sheet between ␤-strands ␤6 and ␤9, yet it is too far from Arg-57 in the ␣C helix to interact with it.
of propidium iodide-stained cells on a MACSQuant analyzer (Miltenyi Biotech).
Statistical Analysis-Data are presented as mean Ϯ S.D. and were analyzed by Student's t test using GraphPad Prism (version 5, GraphPad Software, Inc.). Statistical significance was defined with the following: *, p Ͻ 0.05; **, p Ͻ 0.01; ***, p Ͻ 0.001.
RESULTS
The Lymphoma and Myeloma-associated K171E and K171T IKK␤ Variants Exhibit Enhanced Activation of NFB-A number of somatic variants of the IKBKB gene and of other genes in the NFB pathway have been identified in a range of tumors. Although K171E IKK␤ was described in 6/117 marginal zone lymphomas (11) and in one multiple myeloma sample (13), K171T IKK␤ was identified in 2/117 marginal zone lymphomas (11) . Mutations involving other IKK␤ residues have also been identified in a number of other non-lymphoid tumors reported in the Catalogue of Somatic Mutations in Cancer (COSMIC) database, which stores and displays a large compendium of somatic mutations in different genes in a variety of cancers. The A360S, D639N, G667C, and N677D variants of IKK␤ were observed respectively in breast, ovarian, lung, and stomach can- cers. Wild type and mutant forms of IKK␤ were transfected into HeLa cells, and luciferase assays were performed using an NFB-driven luciferase reporter construct. As seen in Fig. 1A , the K171E and K171T IKK␤ variants exhibit a markedly increased ability to activate NFB as compared with wild type IKK␤. The non-lymphoid tumor associated variants did not activate NFB above wild type levels, suggesting that they represent passenger mutations. The kinase activity of the K171E and K171T IKK␤ variants were considerably increased above wild type levels as determined by radioactive and non-radioactive kinase assays ( Fig. 1B and data not shown) , and these mutant kinases induced more nuclear p65 accumulation in transfected HeLa cells as seen in Fig. 1, C and D. Modeling Predicts the Mechanisms That Contribute to the Enhanced Activity of K171E and K171T IKK␤ Proteins-The activation of IKK␤ requires phosphorylation on serine 181 (and to a lesser extent on serine 177) by an upstream activating kinase such as TAK1 (31) . Comparison of the inactive (Figs. 2, A  and B) and active (Figs. 2, C and D) structures of this kinase based on the recently published structure of human IKK␤ (27) shows striking differences between the two states. In the active, phosphorylated IKK␤, the negatively charged phosphate moi- ety on serine 181 makes electrostatic interactions with cationic pocket residues Arg-57, Arg-144, and Lys-171, located, respectively, in the C-terminal helix, catalytic loop, and activation loop (Fig. 2, C and D) . In the absence of activation loop phosphorylation, the positive charge on these residues induces repulsion between these three critical regions, preventing the kinase domain from adopting a catalytically competent conformation. The interaction between phosphoserine 181 (Ser(P)-181) and both Lys-171 and Arg-144 neutralizes the repulsion between the activation and catalytic loops, facilitating the formation of a ␤6-␤9 ␤-sheet structure. Formation of this ␤-sheet is a hallmark of kinase activation and has been proposed to set off a network of hydrogen bonds that result in the proper positioning of residues involved in ATP binding as well as phosphoryl transfer (32) . The interaction between phosphoserine 181 and Arg-57 is suggested to promote a closer interaction of the N-terminal lobe of the kinase with the C-terminal lobe, thus facilitating proper positioning of the ␥-phosphate of kinase bound ATP for catalytic transfer. When Lys-171 is replaced by a glutamate, it can be predicted that the Glu-171 residue forms an electrostatic interaction with Arg-57 and a salt bridge with Arg-144 ( Fig. 3A) , thus mimicking the effect of a phosphorylation event on serine 181, bridging the cationic pocket residues. Such a kinase should already be maximally active and constitutively "on" even in the absence of any ligand or activating upstream kinase. However, the polar yet uncharged nature of a threonine in position 171 would only allow this Thr-171 residue to engage in a hydrogen bond with Arg-144, while making it incapable of forming salt bridges or electrostatic interactions (Fig. 3B ). K171E and K171T IKK␤ Are Constitutively Active in an Activation Loop Phosphorylation-independent Manner-Based on the predictive modeling, K171E and Thr mutations should be active independent of activation loop phosphorylation. Mutation of both activation loop serines to alanines (SSAA) results in a loss of NFB activating potential and a specific loss of IKK␤ kinase activity (Fig. 4, A and B) as reported previously (33) . The K171E and Thr mutations were introduced into the SSAA background. Luciferase and kinase assays reveal that both the IKK␤ K171E and the K171T mutant proteins are constitutively active on the SSAA background, indicating that they are both active in a ligand-independent manner (Fig. 4, A and B) .
The predictive modeling in Fig. 3 suggested that the activity of K171E IKK␤ depends on the interactions of Glu-171 with the two remaining residues in the cationic pocket, Arg-57 and Arg-144. Mutagenesis of individual arginine residues to alanines resulted in compromised K171E IKK␤ activity, and mutagene-sis of both Arg-57 and Arg-144 completely abrogated K171E IKK␤ activity (Fig. 4, C-E) .
Responsiveness to TNF Suggests Maximal Activation of K171E IKK␤ but Not of K171T IKK␤-Thr-171 would induce formation of the ␤6-␤9 sheet but would not be able to provide a link between the N-and C-terminal lobes because Arg-57 would be too distant from it to engage in a hydrogen bond. Such a kinase would be predicted to be constitutively, but not maximally, active. It would therefore be expected to remain responsive to activation by an upstream kinase, whereas Glu-171 IKK␤ would not. We tested this prediction by examining NFB activation before and after TNF stimulation of transfected cells using a luciferase assay for NFB-dependent transcription (Fig.  5A ) as well as a kinase assay (Fig. 5, B and C) . As hypothesized, TNF did not enhance the activation of K171E IKK␤ but did contribute to further activation of K171T IKK␤.
Overexpressed IKK␤ can form higher order multimers and may be activated by trans-autophosphorylation even in the absence of an upstream kinase (34) . We examined the phosphorylation of this kinase in transfected HeLa cells using phospho-specific antibodies. Both K171T and K171E IKK␤ exhibited enhanced phosphorylation on residues Ser-177 and Ser-181 (data not shown).
TALEN-based Mutagenesis Demonstrates Constitutive Activation of NFB in a K171E IKBKB Knock-in B Cell Line-Most
of our understanding of the effects of mutations in cancer has depended on the study of biochemical alterations observed following the overexpression of mutant cDNAs in transfected cells. Ideally, non-overexpression-based studies in lymphoid lines should be undertaken to distinguish potential driver mutations of lymphomas from passengers. TALEN-based mutagenesis offers the possibility of generating heterozygous or homozygous knock-ins in cell lines, although such studies have so far never been reported in a cancer context. To choose lymphoma cell lines with less active NFB signaling, we assayed phosphorylation of p65 in six lymphoma cell lines and demonstrated that BJAB has relative low phosphorylation of p65 (Fig.  6, A and B) . We reasoned that cell lines in which existing mutations already generate constitutively active NFB would be unsuitable for studies of this type. We used TALENs to create knock-in mutations that are both heterozygous and homozygous for K171E IKK␤ into human BJAB cells (Fig. 6, C and D) . As seen in Fig. 6 , E-G, K171E IKK␤ in both heterozygous and homozygous forms of BJAB cells resulted in constitutive activation of NFB as analyzed by the phosphorylation of p65 and by a reporter-based assay for transcriptional activity. K171E IKBKB Knock-in BJAB Cells Are More Resistant to Apoptosis-Aberrantly active NFB signals can contribute to tumorigenesis by regulating genes that promote the growth and survival of cancer cells. Examination of the cell cycle and of proliferation revealed no differences between wild type and mutant IKK␤ expressing BJAB cells (data not shown). To investigate whether K171E and K171T IKK␤ affect cell apoptosis, wild type, heterozygous K171E/WT IKK␤, and homozygous K171E/K171E IKK␤ harboring BJAB cells were exposed to staurosporine, a non-selective protein kinase inhibitor that can induce apoptosis. A significant inhibition of apoptosis was noted in knock-in cell lines expressing K171E IKK␤ after 16 h of treatment (Fig. 7, A and B) . The mRNA levels of six established anti-apoptotic NFB target genes, including BCL2, BCL2L1, BCL2A1, CFLAR, BIRC5, and XIAP, were analyzed by quantitative real-time RT-PCR. Interestingly, only the expression of BCL2 was significantly enhanced in knock-in BJAB cells harboring both heterozygous and homozygous IKBKB K171E mutations (Fig. 7C ), which indicates that enhanced NF-B signaling in these may selectively regulate target genes. ChIP studies were then performed to detect the recruitment of p65 to BCL2, BCL2L1, and ␤-actin promoters. Analysis of these ChIP samples using quantitative PCR only showed occupancy of the BCL2 promoter by p65 in K171E/WT BJAB cells and not the promoters of BCL2L1 or ␤-actin (Fig. 7D ).
DISCUSSION
Tumor-specific somatic mutations of a gene encoding a kinase may often not alter the function of the kinase as noted for the mutations in IKBKB found in a number of cancers. Those are clearly passenger mutations. Lysine 171 of IKK␤ is a residue that is located parallel to the phosphorylation site in the activation loop. Examination of the structure of phosphorylated versus non-phosphorylated (27) IKK␤ revealed that this residue is part of a cationic pocket, also made up of Arg-57 in the C-terminal helix and Arg-144 in the catalytic loop. The recently resolved structure of human IKK␤ suggests that in its active conformation, the activation loop phosphoserine 181 interacts with these cationic pocket residues, including lysine 171, to switch the kinase domain to a catalytically active conformation. The absence of activation loop phosphorylation results in a disordered activation loop, as can be noted in the missing region in the inactive IKK␤ structure. It could have been argued that the drastic mutations in this interacting lysine residue might result in a less active kinase, but clearly its association with lymphomagenesis suggested, purely from a theoretical context, that the K171E and K171T IKK␤ proteins might represent activated kinases.
Our overexpression studies of K171E IKK␤ as well as of K171T IKK␤ indicated that these two proteins, found originally in splenic marginal zone lymphomas, are constitutively active in an activation loop phosphorylation-independent manner, essentially even in the absence of an upstream kinase. Why are these kinases constitutively active? Predictive modeling indicates that conversion of lysine 171 of IKK␤ into a glutamate would allow this residue to interact with the other two cationic pocket residues and thus contribute to kinase activation. Conversion of this residue into a threonine would not support an electrostatic interaction with Arg-57 but would permit hydrogen bond formation with Arg-144, inducing formation of the ␤6-␤9 sheet, thus allowing constitutive activation of this kinase as well. The Thr-171 change, however, was predicted to result in submaximal activation, thereby being permissive for more complete activation if serine 181 were to be phosphorylated following cellular activation. These predictions were all borne out in experimental biochemical studies.
One approach that has been widely used to get around potential artifacts of overexpression is to generate knock-in mice. It is already clear that dramatically increased numbers of marginal zone B cells in knock-in mice constitutively expressing IKK␤ (35) and phospho-mimetic activation loop IKK␤ knock-in mice cause lymphomagenesis (14) . Although TALEN-or CRISPRbased mutagenesis has not yet been reported in genetic studies of cancer, we establish here that this is a powerful approach that can be employed in the study of tumorigenesis. Nevertheless, knock-in mice remain the gold standard.
Our data suggest that in BJAB B cells one of the major consequences of constitutive NFB activation is the induction of Bcl-2 expression. More broad analyses using RNA-seq or microarray technology may reveal a more detailed picture of how constitutively active IKK␤ drives lymphomagenesis.
